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Introduction
============

A large percentage of the population, in particular numerous aged individuals, patients with diabetes or cancer, or people treated with anti-inflammatory steroids, suffer from chronic, nonhealing wounds ([@bib12]; [@bib28]). Therefore, there is a strong need to develop strategies for the improvement of the repair process. This requires a thorough understanding of the underlying molecular and cellular mechanisms. A powerful approach to reach this goal is the identification and functional characterization of genes, which are regulated by skin injury and which are therefore candidate regulators of the repair process. Because the gene expression profile of the most malignant tumors resembles the profile of healing skin wounds ([@bib9]), wound-regulated genes may also be important targets for the development of novel and efficient therapeutics for the treatment of cancer. Therefore, we used differential display RT-PCR and microarray analysis to identify genes that are regulated by skin injury in mice ([@bib33]; [@bib43]). Interestingly, many of the identified injury-regulated genes encode enzymes, which detoxify reactive oxygen species (ROS), or transcription factors, which regulate these genes ([@bib32]; [@bib40]; [@bib18]; [@bib7]; [@bib3]). Because large amounts of ROS are produced in early skin wounds by invading inflammatory cells as a defense against bacterial infection ([@bib14]; [@bib12]), the expression of ROS-detoxifying enzymes by cells in the wound tissue may be an important mechanism to protect inflammatory and resident cells from ROS toxicity.

One of the wound-regulated genes encodes peroxiredoxin 6 (Prdx6). Peroxiredoxins comprise a family of six enzymes that catalyze the reduction of hydrogen peroxide and a broad spectrum of organic peroxides. Prdx1--5 have two reactive cysteines and they use thioredoxin and/or glutathione as a substrate ([@bib38]; [@bib17]; [@bib50]). By contrast, Prdx6---also designated 1-Cys-peroxiredoxin---has only a single redox-active cysteine ([@bib25]). This cytosolic enzyme was reported to use glutathione ([@bib27]) or ascorbate ([@bib30]) as reducing agent. In addition, Prdx6 displays phospholipase A~2~ activity ([@bib10]).

Recent studies revealed an important function of Prdx6 in the cellular stress response. Thus, overexpression of Prdx6 in different cell types protected from ROS-induced cytotoxicity ([@bib26]; [@bib47]), whereas antisense-mediated knockdown of this enzyme enhanced the sensitivity to oxidative stress ([@bib36]; [@bib29]; [@bib45]). Prdx6 knockout mice were more sensitive to systemic treatment with the oxidative stress-inducing agent paraquat ([@bib45]). They also showed increased lung injury and mortality in response to hyperoxia ([@bib46]), and their hearts were more vulnerable to ischemia-reperfusion injury ([@bib34]).

Recent studies from our laboratory also suggest an important role of Prdx6 in the skin. Initially, we identified Prdx6 as the product of a keratinocyte growth factor target gene in cultured keratinocytes ([@bib16]). In vivo, overexpression of Prdx6 was found in the hyperproliferative epidermis of mouse skin wounds and of psoriatic patients as well as in cells of the wound granulation tissue ([@bib16]; [@bib32]). To determine the consequences of enhanced expression of Prdx6 in keratinocytes, we recently generated transgenic mice overexpressing this enzyme in the epidermis. Interestingly, the enhanced levels of Prdx6 protected keratinocytes from UVA and UVB toxicity in vitro and in vivo and accelerated wound closure in aged animals ([@bib21]). These results revealed that Prdx6 is rate-limiting in keratinocytes under stress conditions and suggested an important role of this enzyme in the skin. To address this question we performed UV irradiation and wound-healing studies with Prdx6 knockout mice ([@bib45]), and we identified important functions of endogenous Prdx6 in UV protection and in blood vessel integrity in wounded skin.

Results
=======

Prdx6 is dispensable for skin morphogenesis and homeostasis
-----------------------------------------------------------

Before we challenged the knockout mice we confirmed the loss of Prdx6 in the skin by Western blot analysis of whole skin lysates ([Fig. 1 A](#fig1){ref-type="fig"}). No compensatory up-regulation of other cytosolic peroxiredoxins (Prdx1, Prdx2) and of the secretable Prdx4 was observed as determined by RNase protection assay ([Table I](#tbl1){ref-type="table"}). A detailed histological analysis of tail and back skin did not reveal any obvious abnormalities in the Prdx6 knockout mice (shown in [Fig. 1 B](#fig1){ref-type="fig"} for tail skin), demonstrating that Prdx6 is dispensable for skin morphogenesis and homeostasis.

![**Normal skin morphogenesis but enhanced UV susceptibility in Prdx6 knockout mice.** (A) Back skin lysates (30 μg protein) from homozygous (−/−) and heterozygous (+/−) Prdx6 knockout mice and wild-type controls (+/+) were analyzed by Western blotting for the presence of Prdx6 and β-actin. (B) Paraffin sections (6 μm) were stained using the Masson trichrome procedure. Bars indicate 100 μm. D: dermis; E: epidermis; HF: hair follicle. The basal cell layer of the epidermis is indicated with arrowheads. (C) Mice (*n* = 10 per genotype) were irradiated with 60 J/cm^2^ UVA. Paraffin sections from the back skin of the irradiated mice were stained with H/E. Bars indicate 20 μm. Apoptotic sunburn cells in the epidermis (arrowheads) were counted. (D) Sections from UVA-irradiated mice (*n* = 10 per genotype) were stained with an antibody to p53, and p53-positive cells in the epidermis were counted. (E) Mice (*n* = 5 per genotype) were irradiated with 100 mJ/cm^2^ UVB. Frozen sections from the back skin of the irradiated mice were analyzed by immunofluorescence using an antibody against cleaved caspase-3. Bars indicate 20 μm. Apoptotic cells in the epidermis were counted. Statistical analysis was performed using Mann-Whitney-U test for non-Gaussian distribution. \*, P = 0.0146; \*\*, P = 0.0068 (UVA irradiation) and \*, P = 0.015 (UVB irradiation).](jcb1790747f01){#fig1}

###### Expression of genes encoding proteins involved in angiogenesis, inflammation, or ROS detoxification is unaltered in normal and wounded skin of Prdx6-deficient mice.

           skin   1dw    5dw    8dw    14dw                              
  -------- ------ ------ ------ ------ ------- ------- ----- ----- ----- -----
  Prdx1    ++++   ++++   x      x      ++++    ++++    x     x     x     x
  Prdx2    +++    +++    +++    +++    +++     +++     +++   +++   +++   +++
  Prdx4    \+     \+     \+     \+     ++      ++      ++    ++    \+    \+
  IL-1β    −      −      ++++   ++++   +++     +++     x     x     −     −
  VEGF     \+     \+     x      x      ++(+)   ++(+)   x     x     x     x
  Ang-1    \+     \+     x      x      (+)     (+)     x     x     x     x
  Ang-2    (+)    (+)    x      x      \+      \+      x     x     x     x
  TGF-β1   (+)    (+)    x      x      +(+)    +(+)    x     x     x     x

Expression levels were determined by RNase protection assays and are defined as: − not detectable, +: weakly expressed, ++: expressed at moderate levels, +++: strongly expressed, ++++: very strongly expressed. x, not tested. Ang = Angiopoietin.

Prdx6 protects from UVA- and UVB-mediated keratinocyte apoptosis
----------------------------------------------------------------

We next determined the role of endogenous Prdx6 in the response to physiological doses of UV. Upon irradiation with UVA, the number of apoptotic sunburn cells was significantly higher in the epidermis of UVA-irradiated Prdx6 knockout mice compared with wild-type controls (*n* = 10; [Fig. 1 C](#fig1){ref-type="fig"}). This result was confirmed by staining of UVA-irradiated skin sections with an antibody against p53, a protein, which is stabilized and activated upon DNA damage (*n* = 10; [Fig. 1 D](#fig1){ref-type="fig"}). Enhanced apoptosis in Prdx6-deficient epidermis was also observed after UVB irradiation as demonstrated by staining of UVB-irradiated skin for cleaved caspase-3 (*n* = 5; [Fig. 1 E](#fig1){ref-type="fig"}) and by analysis of sunburn cells in hematoxylin/eosin (H/E)-stained sections (*n* = 5; P = 0.056; unpublished data). These findings demonstrate that endogenous Prdx6 protects keratinocytes from UVA- and UVB-induced DNA damage and subsequent apoptosis.

Severe hemorrhage in wounds of Prdx6 knockout mice
--------------------------------------------------

We then subjected the Prdx6 knockout mice and their wild-type littermates to full-thickness excisional wounding. Although Prdx6 expression is particularly strong in keratinocytes of healing skin wounds ([@bib32]), no obvious delay in wound reepithelialization was observed in the knockout mice ([Fig. 2](#fig2){ref-type="fig"}), and this was also confirmed by morphometric analysis (Fig. S1, available at <http://www.jcb.org/cgi/content/full/jcb.200706090/DC1>). We could not detect any histological abnormalities in the wound tissue up to d 3 after injury ([Fig. 2 A](#fig2){ref-type="fig"}). However, the granulation tissue of Prdx6 knockout mice was characterized by severe hemorrhage at d 5 after wounding ([Fig. 2 B](#fig2){ref-type="fig"}). This time point correlates with the phase of extensive wound angiogenesis. Hemorrhagic areas were present throughout the wound tissue, but were particularly large below the hyperproliferative epithelium ([Fig. 2 B](#fig2){ref-type="fig"}). They were seen in male and female knockout mice, but the phenotype was more pronounced in males (unpublished data). Hemorrhage was also occasionally observed in heterozygous animals (unpublished data). At d 8 after wounding, the hemorrhage was mostly resolved and only a few small affected areas remained ([Fig. 2 C](#fig2){ref-type="fig"}). Hemorrhage was no longer detectable at d 14 after wounding ([Fig. 2 D](#fig2){ref-type="fig"}). At this time point wounds in mice of both genotypes were fully healed. Despite the hemorrhage, no difference in the rate of wound closure, or in wound size and area of hyperproliferative epithelium was detected (Fig. S1). Furthermore, the rate of keratinocyte proliferation was unaltered (Fig. S1), and the inflammatory response was not obviously affected as determined by immunohistochemical staining for macrophages and neutrophils (unpublished data) and by expression analysis of the pro-inflammatory cytokine interleukin-1β (IL-1β) ([Table I](#tbl1){ref-type="table"}).

![**Hemorrhage in 5-d wounds of Prdx6 knockout mice.** Full-thickness excisional wounds were generated on the back of Prdx6 knockout mice (−/−) and wild-type littermates (+/+). Sections from the middle of 3-d (A), 5-d (B), 8-d (C), and 14-d (D) wounds were stained with H/E. D: dermis, E: epidermis, Es: eschar, G: granulation tissue, HE: hyperproliferative wound epidermis, HF: hair follicle. Bars indicate 100 μm. Hemorrhage in the granulation tissue of knockout mice is indicated with arrows.](jcb1790747f02){#fig2}

Endothelial cell damage and apoptosis in wounds of Prdx6 knockout mice
----------------------------------------------------------------------

To unravel the reason for the severe hemorrhage, we stained the wound sections with an antibody against the endothelial cell-specific protein MECA-32 and determined the number and size of blood vessels in the wounds. However, we did not find a difference between knockout and wild-type animals ([Fig. 3, A--C](#fig3){ref-type="fig"}). Furthermore, maturation of blood vessels, which is reflected by the presence of surrounding smooth muscle cells, was also unaltered as determined by costaining for the endothelial cell marker PECAM-1 (CD31) and α-smooth muscle actin (α-SMA; [Fig. 3 B](#fig3){ref-type="fig"}). Consistent with these findings, expression of several genes encoding proteins involved in angiogenesis, e.g., vascular endothelial growth factor-A (VEGF-A), angiopoietins-1 and -2, and transforming growth factor β1 (TGF-β1) were normally expressed in unwounded and wounded skin of Prdx6 knockout mice ([Table I](#tbl1){ref-type="table"}). These findings suggest that the observed hemorrhage is not due to impaired angiogenesis or vessel maturation. Rather, defects in the endothelial cells themselves appeared likely. This hypothesis was confirmed by analysis of semi-thin sections from the wound tissue and in particular by electron microscopy. In the wounds of control mice, open and well-structured blood vessels had formed ([Fig. 4, A and C](#fig4){ref-type="fig"}), whereas wounds of Prdx6 knockout mice showed strongly damaged blood vessels ([Fig. 4, B, D, E, and F](#fig4){ref-type="fig"}), and vacuoles were present in the cytoplasm of endothelial cells. Furthermore, damaged blood vessels were surrounded by extravasated erythrocytes, reflecting the hemorrhage ([Fig. 4 D](#fig4){ref-type="fig"}), and erythrocytes were also present in the wound epidermis of the knockout mice ([Fig. 4 H](#fig4){ref-type="fig"}), but not of wild-type controls ([Fig. 4 G](#fig4){ref-type="fig"}). A semi-quantitative analysis of the semi-thin sections revealed that more than 50% of the vessels were defective in the superficial granulation tissue, adjacent to the wound epidermis. In the middle of the granulation tissue 10--50% of the vessels were affected, whereas less than 10% of the vessels were damaged in the lowest part of the wound ([Fig. 5 A](#fig5){ref-type="fig"}).

![**Number, size and maturation of blood vessels are unaltered in 5-d wounds of Prdx6 knockout mice.** Paraffin sections from 5-d wounds of Prdx6 knockout mice and wild-type littermates were costained in A with antibodies against pan-keratin (green) and MECA-32 (red), and in B with antibodies against α-SMA (green) and PECAM-1/CD31 (red). Blood vessels that are surrounded by smooth muscle cells appear yellow. G: Granulation tissue, HE: hyperproliferative wound epidermis. Bars indicate 100 μm. C and D: Morphometric analysis of the newly formed blood vessels in 5 d wounds of wild-type and Prdx6 knockout mice using the Openlab software. The number of blood vessels/μm^2^ granulation tissue (C) and the area covered by blood vessels (μm^2^) in relation to the total area of granulation tissue (μm^2^) (D) was analyzed in 7 wounds from wild-type mice and 9 wounds from Prdx6 knockout mice.](jcb1790747f03){#fig3}

![**Endothelial cell damage in 5-d wounds of Prdx6 knockout mice.** Methylene-blue stained, semi-thin sections (A and B) and electron micrographs of newly formed blood vessels (C--F) from 5-d wounds of control (A and C) and Prdx6 knockout mice (B, D, E, and F) are shown. Open and well-structured blood vessels are present in control mice (A), while wounds of Prdx6 knockout mice show strongly damaged vessels (B, arrows) with vacuolized endothelial cells (E and F). A well-structured capillary is visible in a control wound (C), while an erythrocyte-filled capillary with strong signs of endothelial cell damage is present in the wound of a Prdx6 knockout mouse. The damaged vessel is surrounded by extravasated erythrocytes (D). Electron micrographs of newly formed epidermis in wounds of control (G) and Prdx6 knockout (H) mice are shown. Erythrocytes are present between the keratinocytes of the newly formed epidermis in wounds of Prdx6 knockout mice. Bars: A and B = 25 μm; C--H = 5 μm.](jcb1790747f04){#fig4}

The ultrastructural appearance of the endothelial cells suggested that some of them are apoptotic. This was confirmed by double-immunofluorescence staining with antibodies against PECAM-1 and cleaved caspase-3. At d 5 after wounding, apoptotic endothelial cells were detected in some blood vessels in the granulation tissue below the hyperproliferative epidermis, and their number was significantly increased in the knockout mice compared with wild-type controls ([Fig. 5, B and C](#fig5){ref-type="fig"}). This result is consistent with the histological appearance of the endothelial cells in semi-thin sections, although the percentage of morphologically damaged endothelial cells was much higher compared with the percentage of cleaved caspase-3--positive cells. This suggests that at least some of the damage may be reversible and does not lead to cell death.

![**Enhanced apoptosis of endothelial cells and localization of defective blood vessels in 5-d wounds of Prdx6 knockout mice.** (A) In zone I, directly below the hyperproliferative epithelium, more than 50% of the blood vessels were damaged in Prdx6 knockout mice as determined by analysis of semi-thin sections (see [Fig. 4](#fig4){ref-type="fig"}). In zone II, 10--50% defective vessels were found, whereas in zone III less than 10% of the blood vessels were damaged. (B and C) Cryosections from the middle of 5-d wounds were costained with antibodies against cleaved caspase-3 (red) and PECAM-1 (green) (B). Arrows indicate apoptotic endothelial cells (yellow). Bars indicate 100 μm. The total number of PECAM-1 positive blood vessels as well as the number of cleaved caspase-3/PECAM-1 double-positive cells were determined in the granulation tissue below the hyperproliferative epithelium. Cells and vessels in one microscopic field (200×) per wound halve were counted. The percentage of blood vessels that contained apoptotic endothelial cells is indicated on the y-axis. 21 wound halves from 13 wild-type animals and 20 wound halves from 11 knockout mice were analyzed. Statistical analysis was performed with GraphPad Prism4 software, using the Mann-Whitney-U test for non-Gaussian distribution. \*\*, P = 0.0031.](jcb1790747f05){#fig5}

In addition to the endothelial cells, some fibroblasts and granulocytes in the granulation tissue of Prdx6 knockout mice also appeared damaged ([Fig. 4 B](#fig4){ref-type="fig"} and unpublished data). However, ∼90% of all cleaved caspase-3 positive cells in the wound were also PECAM-1 positive, demonstrating that endothelial cells are particularly affected (unpublished data).

The endothelial cell damage was still detectable at d 8 after wounding, but to a much lesser extent (Fig. S2, B and D; available at <http://www.jcb.org/cgi/content/full/jcb.200706090/DC1>). This is also reflected by the reduced hemorrhage at this later stage of healing ([Fig. 2 C](#fig2){ref-type="fig"}). Endothelial cells from vessels, which were already surrounded by perivascular cells (Fig. S2 D), appeared less damaged compared with those of immature vessels (Fig. S2 B).

Enhanced oxidative stress in wounds of Prdx6 knockout mice
----------------------------------------------------------

We next determined if the extent of hemorrhage correlates with the severity of oxidative stress at the wound site. For this purpose we performed oxyblot analyses with lysates from pooled wounds of different animals to determine the levels of oxidized proteins, which are characterized by the presence of carbonyl groups. In three independent experiments with different wound lysates, 5-d wounds of knockout mice had a consistently higher protein carbonyl content compared with wild-type controls ([Fig. 6 A](#fig6){ref-type="fig"}). Protein oxidation was more pronounced in male animals, consistent with the more severe phenotype seen in Prdx6 knockout mice. In addition, staining with an antibody against nitrotyrosine, which reflects formation of the toxic peroxinitrite from nitric oxide and superoxide anions, revealed a significantly increased number of nitrotyrosine positive cells in wounds of Prdx6 knockout mice ([Fig. 6, B and C](#fig6){ref-type="fig"}). Collectively, oxidative stress is obviously enhanced in wounds of Prdx6-deficient animals, and the elevated levels of ROS are likely to damage endothelial cells.

![**Enhanced oxidative stress in 5-d wounds of Prdx6 knockout mice.** (A) Lysates of 5-d wounds from female and male mice (female 18.3 μg and 10 μg, male 20 μg of total protein) were analyzed for the presence of oxidized proteins by oxyblot analysis. The membrane was reprobed with an antibody to β-actin. (B) 12 wound halves of 9 female wild-type mice and 12 wound halves of 9 female knockout mice were analyzed by immunofluorescence for the presence of nitrotyrosine positive cells. The percentage of nitrotyrosine positive cells was determined using the ImageJ program. Statistical analysis was performed using the Mann-Whitney-U test. \*, P = 0.0464. Representative stainings are shown in C. Nitrotyrosine-positive cells are indicated by arrowheads. Nuclei were counterstained with Hoechst. Bars indicate 50 μm. G: Granulation tissue, HE: Hyperproliferative epithelium.](jcb1790747f06){#fig6}

Knock-down of Prdx6 in endothelial cells enhances their susceptibility to ROS toxicity
--------------------------------------------------------------------------------------

To determine if the lack of Prdx6 in endothelial cells is indeed deleterious under conditions of oxidative stress, we studied the consequences of siRNA-mediated Prdx6 knock-down on the survival of cultured human umbilical vein endothelial cells (HUVEC) in response to ROS treatment. Efficient knock-down was achieved with three different Prdx6 siRNAs, whereas random siRNAs had no effect ([Fig. 7 A](#fig7){ref-type="fig"}). The knock-down of Prdx6 did not affect cell viability under normal culture conditions, but Prdx6 siRNA treatment strongly reduced the viability of HUVEC cells upon treatment with either hydrogen peroxide or glucose oxidase in comparison to random siRNA-treated cells ([Fig. 7 B](#fig7){ref-type="fig"}). These results were reproduced in 9 independent experiments with two different siRNA sequences against Prdx6 (\#79, \#81) and in four independent experiments with siRNA \#80. Based on these in vitro results and the hemorrhage observed in wounds of Prdx6 knockout mice we conclude that endogenous Prdx6 is required for survival of endothelial cells under conditions of oxidative stress.

![**Enhanced ROS susceptibility of HUVEC after siRNA-mediated knock-down of Prdx6.** HUVEC were transfected with different siRNAs against Prdx6 or random siRNA. Efficient Prdx6 knockdown was verified by Western blot analysis (A). Cells transfected in parallel plates were subsequently challenged with different concentrations of hydrogen peroxide or glucose oxidase (GO) or solvent control, and subjected to MTT assay (B). All measurements were performed in quadruplicates (*n* = 4). The values obtained with random siRNA-transfected cells were arbitrarily set as 100. Statistical analysis was performed using the GraphPad Prism4 software and applying the One-way ANOVA analysis followed by the Dunnett\'s Multiple Comparison Test. One-way analysis: \*\*, P = 0.0046 for 500 μM H~2~O~2~, \*\*\*, P = 0.0005 for 750 μM H~2~O~2~ and \*\*\*, P \< 0.0001 for 15 and 20 mU/ml GO. Dunnett\'s Multiple Comparison: \*\*, P \< 0.01 for all treatment groups, except for siRNA random versus \#79 at a concentration of 500 μM H~2~O~2~ (p \> 0.05).](jcb1790747f07){#fig7}

Bone marrow chimeras reveal that Prdx6 deficiency in hematopoietic and resident cells contributes to wound hemorrhage
---------------------------------------------------------------------------------------------------------------------

Finally, we determined if the loss of Prdx6 in endothelial cells is solely responsible for the phenotype or if enhanced levels of ROS produced by Prdx6-deficient inflammatory cells also contribute to the endothelial cell damage. The latter possibility was suggested by the finding that macrophages from Prdx6 mice have higher levels of intracellular ROS ([@bib45]), and at least hydrogen peroxide can be released into the surrounding extracellular space and possibly damage endothelial cells. To address this question we generated bone-marrow chimeric mice. Wild-type and Prdx6-deficient female mice were subjected to 950 rad gamma-irradiation to destroy the hematopoietic cells in the bone marrow. The irradiated mice subsequently received bone marrow cells from either wild-type or knockout donors. Male mice were used as bone marrow donors to allow subsequent identification of hematopoietic cells through the presence of the Y chromosome. 6 wk after irradiation and bone marrow transfer the fur of the treated mice had turned gray (Fig. S3 A, available at <http://www.jcb.org/cgi/content/full/jcb.200706090/DC1>). At this time point successful reconstitution of the hematopoietic system was verified by semi-quantitative PCR of blood cell DNA using primers specific for the Y-chromosome DNA (Fig. S3 B). 10 wk after irradiation this result was confirmed for DNA from bone marrow (Fig. S3 C). To estimate the efficiency of bone marrow transplantation, we performed real-time PCR with DNA from blood cells at wk 6 after bone marrow transplantation. In all female recipients the amount of Y chromosome DNA reached 70% or more of the amount present in DNA from male mice (Fig. S3 D).

Chimeras were subjected at wk 10 after bone marrow transplantation to full-thickness excisional wounding. This late time point was chosen to ensure full reconstitution of the hematopoietic system at the time of wounding. Nevertheless, the bone marrow transplantation procedure delayed the wound healing process in mice with all genotype combinations, possibly due to irradiation-induced tissue damage and/or enhanced stress of the mice. Therefore, only a small area of the clot was replaced by highly cellular granulation tissue, and angiogenesis was hardly detectable in 5-d wounds. This time point was therefore too early to detect damaged blood vessels (unpublished data). We subsequently repeated the experiment and analyzed the wounds at d 7 after injury. Western blot analysis of wound lysates confirmed that wild-type hematopoietic cells had infiltrated the wound tissue of Prdx6-deficient recipient mice. Thus, Prdx6 protein was detected in lysates of 7-d wounds from transplanted Prdx6 knockout mice, which had received bone marrow from wild-type mice, whereas Prdx6 protein was not detectable in normal back skin lysates of these mice ([Fig. 8 A](#fig8){ref-type="fig"}). The severe hemorrhage in the granulation tissue and the presence of extravasated erythrocytes in the wound epidermis were confirmed in wounds of Prdx6 knockout mice, which had received Prdx6- deficient bone marrow ([Fig. 8, B and C](#fig8){ref-type="fig"}; ko/ko; *n* = 7). In these mice, the number of apoptotic endothelial cells was significantly enhanced compared with wild-type mice, which had received wild-type bone marrow (data not shown). Mild hemorrhage was observed in most Prdx6 knockout mice that had received wild-type bone marrow ([Fig. 8, B and C](#fig8){ref-type="fig"}; ko/wt; *n* = 8) and in most wild-type mice with Prdx6-deficient bone marrow ([Fig. 8, B and C](#fig8){ref-type="fig"}; wt/ko; *n* = 5). In both treatment groups, the number of apoptotic endothelial cells was also increased, although the difference was not statistically significant (unpublished data). As expected, hemorrhage was absent or very mild in wild-type mice with wild-type bone marrow ([Fig. 8, B and C](#fig8){ref-type="fig"}; wt/wt; *n* = 6). The intensity of the hemorrhage phenotype in the different treatment groups was confirmed by immunostaining for fibrin. In all mice, fibrin staining was seen in the middle of the wound, where the original clot was not yet replaced by mature granulation tissue (unpublished data). However, in most of the mice, which had Prdx6- deficient inflammatory cells or resident cells or both, intermediate or strong fibrin staining was also seen in the mature granulation tissue underneath the hyperproliferative epithelium ([Fig. 8 D](#fig8){ref-type="fig"}). This reflects the necessity to rapidly seal damaged vessels with a blood clot in order to avoid excessive bleeding. By contrast, fibrin deposition was absent or much less pronounced in wild-type mice with wild-type bone marrow ([Fig. 8 D](#fig8){ref-type="fig"}). At the ultrastructural level (Fig. S4, available at <http://www.jcb.org/cgi/content/full/jcb.200706090/DC1>), damage of endothelial cells as well as morphological abnormalities in some fibroblasts and granulocytes were detected in all animals with Prdx6-deficient cells (Fig. S4, C--F). Again, the most striking phenotype was observed when both hematopoietic and resident cells lacked Prdx6. Collectively, this in vivo experiment revealed that the presence of Prdx6 is required in inflammatory cells as well as in resident cells for blood vessel integrity in wounded skin (shown schematically in [Fig. 9](#fig9){ref-type="fig"}).

![**Prdx6-deficiency in hematopoietic cells and in resident cells contributes to endothelial cell damage in wounded skin.** (A) Lysates from nonwounded skin and from 7-d wounds (50 μg protein) of different bone marrow chimeric mice were analyzed by Western blotting for the presence of Prdx6 and β-actin. (B) Paraffin sections (6 μm) from the middle of 7-d wounds were stained using the Masson Goldner procedure. Wt/wt; wild-type mice with wild-type bone marrow; wt/ko; wild-type mice with knockout bone marrow; ko/wt: knockout mice with wild-type bone marrow; ko/ko: knockout mice with knockout bone marrow. Arrows indicate hemorrhage; arrowheads indicate extravasated erythrocytes in the hyperproliferative epithelium. (C) Semi-quantitative analysis of the intensity of the hemorrhage seen in Masson Goldner stained sections (judged by two independent investigators): hemorrhage not detectable, +: weak, ++: intermediate, +++: strong. Numbers indicate the number of animals analyzed; 1--2 wounds per animal. (D) Paraffin sections (6 μm) from the middle of 7-d wounds of bone marrow chimeric mice were stained with an antibody against fibrinogen/fibrin (red). Nuclei were counterstained with Hoechst (blue). Bars in B and D indicate 100 μm. Es: Eschar, G: Granulation tissue, HE: Hyperproliferative wound epidermis.](jcb1790747f08){#fig8}

![**Schematic representation of the role of Prdx6 in the ROS-mediated interplay between inflammatory cells and endothelial cells.** Right hand side: in wild-type mice, ROS are produced by macrophages and neutrophils, released from these cells, and taken up by endothelial cells. In the cytoplasm of the latter, hydrogen peroxide and organic peroxides are detoxified by Prdx6, resulting in cell survival. Left hand side: Prdx6-deficient inflammatory cells have enhanced levels of ROS, which damage adjacent endothelial cells. Because the latter also lack Prdx6, detoxification of hydrogen peroxide and organic peroxides is impaired, resulting in cell damage and apoptosis.](jcb1790747f09){#fig9}

Discussion
==========

The skin is frequently challenged by UV irradiation or by toxic chemicals. These insults induce the formation of ROS, which damage cellular macromolecules, leading to premature aging or even carcinogenesis ([@bib8]). Large amounts of ROS are also generated by inflammatory cells in injured tissues as a defense against invading bacteria. Therefore, cells had to develop strategies to detoxify ROS. In recent years, peroxiredoxins have emerged as key players in the ROS defense, in particular under stress conditions ([@bib20]). It is therefore of particular interest to determine their roles in normal, wounded, and diseased skin.

Prdx6 protects keratinocytes from UV-induced cell damage
--------------------------------------------------------

The results presented in this study reveal an important role of Prdx6 in skin protection from UV toxicity. Because UV, in particular UVA, exerts its damaging effect at least in part through induction of ROS formation ([@bib39]), it seems likely that Prdx6 directly detoxifies the newly formed ROS as well as the resulting lipid peroxides. Therefore, UV-mediated damage of cellular macromolecules, including DNA damage, is probably enhanced in the absence of Prdx6. This hypothesis is supported by the increase in p53-positive keratinocytes in UVA-irradiated skin of Prdx6 knockout mice compared with control animals. These results suggest that activation of Prdx6 expression and/or activity may be a promising strategy for skin protection under stress conditions.

Prdx6 is dispensable for wound reepithelialization but required for blood vessel integrity in wounded skin
----------------------------------------------------------------------------------------------------------

Prdx6 is highly expressed in keratinocytes of healing skin wounds ([@bib32]). Interestingly, Prdx6 levels are rate limiting in the wound epidermis of aged animals because keratinocyte-specific overexpression of Prdx6 enhanced wound closure in old mice ([@bib21]). Therefore, it was surprising that reepithelialization occurred normally in Prdx6 knockout mice. The most likely explanation is the abundance of other ROS-detoxifying enzymes and antioxidant proteins in wound keratinocytes ([@bib40]; [@bib18]), which may compensate for the lack of Prdx6. This compensation is obviously not sufficient in other cells as reflected by the severe hemorrhage in wounds of Prdx6-deficient mice. Because Prdx1 and Prdx2 knockout mice show erythrocyte defects ([@bib23]; [@bib35]), and because exogenous Prdx6 prevented methemoglobin formation in erythrocyte hemolysates ([@bib41]), hematopoietic abnormalities may be responsible for the hemorrhage phenotype. However, a total blood analysis of five age-matched female animals per genotype did not reveal obvious differences in the shape or number of erythrocytes, and hematocrit as well as hemoglobin concentration were also unaltered (unpublished data). Furthermore, blood clotting was not impaired because no bleeding abnormalities were seen immediately after injury (unpublished data). Consistent with the latter finding, the number of thrombocytes was similar in Prdx6-deficient mice and wild-type controls (unpublished data). Finally, the bone marrow transplantation experiments confirm that hematopoietic cells are not solely responsible for the hemorrhage, because transplantation of Prdx6-deficient bone marrow cells into wild-type animals generated only a mild phenotype. By contrast, the onset of hemorrhage correlated with the formation of new blood vessels, suggesting that Prdx6 is required for endothelial cell integrity and viability in the wound tissue. Indeed, this hypothesis was proven by ultrastructural analysis of the newly formed blood vessels. The endothelial cell damage is likely to cause transient leakiness of blood vessels, resulting in local hemorrhage. Because we did not observe continuous bleeding and subsequent death of the animals, the defective vessels appear to be rapidly sealed by blood clotting as reflected by the enhanced fibrin staining in the granulation tissue of knockout mice ([Fig. 8 D](#fig8){ref-type="fig"}).

Enhanced oxidative stress in wounds of Prdx6 knockout mice is responsible for the endothelial cell damage
---------------------------------------------------------------------------------------------------------

In contrast to the vessels in the wound, those in normal skin were not affected. Furthermore, the hemorrhage phenotype was not observed in Prdx6-deficient embryos at E13.5, where massive angiogenesis in different organs occurs (Fig.S5, available at <http://www.jcb.org/cgi/content/full/jcb.200706090/DC1>; and unpublished data). This finding suggests that the loss of Prdx6 only affects endothelial cells under conditions, which are associated with oxidative stress, such as inflammation. Under these circumstances, invading phagocytic cells produce high levels of superoxide anions through the action of NADPH oxidases ([@bib4]). Superoxide anions, in turn, are rapidly dismutated to hydrogen peroxide. The latter may then penetrate the endothelial cell membrane and damage endothelial cells ([Fig. 9](#fig9){ref-type="fig"}). In addition, a very recent study demonstrated that even superoxide anions can cross the endothelial membrane through chloride channels ([@bib19]), thereby further enhancing the oxidative stress in these cells. The capability of endothelial cells to take up superoxide anions may at least in part explain the enhanced vulnerability of Prdx6-deficient endothelial cells compared with other cell types in the wound tissue. Alternatively, endothelial cells may express lower levels of other ROS-detoxifying enzymes, and we currently investigate this possibility. The important role of Prdx6 for endothelial cell survival under conditions of oxidative stress is also reflected by the correlation between inflammation and endothelial cell damage. Thus, more severe hemorrhage was seen in wounds of male mice that are characterized by a stronger inflammatory response ([@bib2]) and higher levels of ROS ([Fig. 6](#fig6){ref-type="fig"}). In addition, endothelial cells in the superficial granulation tissue, where ROS-producing neutrophils are still abundant at d 5 after injury, were particularly affected. Finally, the vessel defects were reversible and disappeared with the decrease in wound inflammation. The stabilization of the newly formed vessels by perivascular cells may further contribute to the reversibility because the defects were milder in vessels that were already surrounded by pericytes and smooth muscle cells (Fig. S2) and thus more protected from inflammatory cell-derived ROS. A role of Prdx6 in endothelial cell protection under stress conditions is further supported by our in vitro experiments, which demonstrated that knock-down of Prdx6 does not affect the viability of these cells under normal culture conditions, but in response to oxidative stress.

ROS-mediated cross-talk between hematopoietic cells and endothelial cells in healing skin wounds
------------------------------------------------------------------------------------------------

Damage of Prdx6-deficient endothelial cells is likely to be further accelerated in the knockout mice through enhanced ROS production by inflammatory cells. Thus, macrophages from Prdx6-deficient mice have higher levels of intracellular ROS ([@bib45]). This is reflected by the enhanced production of the ROS-inducible enzyme matrix metalloproteinase 9 by Prdx6-deficient macrophages, which was reversible by treatment with antioxidants (our own unpublished data). Some of the macrophage-derived ROS, in particular the noncharged hydrogen peroxide, are likely to be released into the immediate environment, resulting in damage of neighboring cells. In addition, Prdx6-deficiency may increase NADPH oxidase activity in macrophages. Thus, lipopolysaccharide-mediated activation of NADPH oxidase was enhanced in macrophages of Prdx2 knockout mice, and this effect was mediated by elevated levels of intracellular hydrogen peroxide ([@bib51]). Although we did not observe a higher number of macrophages in wounds of Prdx6-deficient mice (data not shown), the elevated levels of ROS released by the available macrophages may further enhance the oxidative stress at the wound site ([Fig. 9](#fig9){ref-type="fig"}). Consistent with this assumption, the levels of oxidized proteins were enhanced in the wound tissue of Prdx6 knockout mice, and more nitrotyrosine positive cells were also detected, reflecting enhanced levels of peroxinitrite. This toxic molecule has also been identified as a substrate of Prdx6, suggesting that it accumulates in Prdx6-deficient mice and further contributes to endothelial cell damage ([@bib37]). Most importantly, the hypothesis that hematopoietic cells contribute to the hemorrhage phenotype is strongly supported by the analysis of wounds that had been generated in bone marrow chimeras. The invading ROS-producing macrophages and neutrophils are likely to be responsible for this damaging effect, but a contribution of bone marrow-derived endothelial progenitor cells cannot fully be excluded. These cells can be incorporated into newly formed blood vessels at the wound site ([@bib1]; [@bib13]), in particular under ischemic conditions ([@bib42]). However, in nonischemic wounds of wild-type mice, the contribution of these cells to the formation of wound vessels is minor ([@bib31]; [@bib42]; [@bib6]). Therefore, it seems likely that the damaging effect of Prdx6-deficient bone marrow cells on the wound vasculature is predominantly due to the secretion of ROS by inflammatory cells. This suggests that Prdx6 may also be required for blood vessel integrity in other situations of inflammation-associated angiogenesis, in particular in cancer.

Collectively, these studies revealed that endogenous Prdx6 protects the epidermis from UV-induced damage. In addition, they demonstrate the requirement of this enzyme in hematopoietic cells and resident cells for the integrity of newly formed blood vessels in inflamed tissues. Finally, they provide insight into the cross-talk between hematopoietic and resident cells at the wound site and the role of ROS in this interplay.

Materials and methods
=====================

siRNA transfection of HUVEC
---------------------------

HUVEC (Clonetics) were seeded on collagen A (10 μg/ml, Biochrom AG) coated dishes and cultured in endothelial growth medium EGM-2 (Clonetics). Synthetic siRNAs dissolved in RNase-free PBS were combined 1:1 to a final concentration of 50 μM, incubated at 50°C for 2 min in annealing buffer (25 mM NaCl, 5 mM MgCl~2~), and cooled down to room temperature. 3500 HUVEC/well were seeded into 96-well plates. 24 h later they were transfected with Prdx6 or random siRNAs (30 nM each) for 48h. Protein lysates were analyzed by Western blotting for the levels of Prdx6 and β-actin.

For siRNA lipid complex formation, 10 μl growth medium without any additives but with 10 mM Hepes and siRNA (30 nM) were placed into polystyrene tubes and vigorously mixed. After the addition of 10 μl complex medium and the lipid Atufect 01 (1.2 μg/ml; Atugen AG), the components were incubated at 37°C in 95% relative air humidity and 5% CO~2~ for 30 min. Thereafter, this mixture was added to the cells, which had previously received 80 μl fresh growth medium.

Sequences of Prdx6 siRNAs: \# 72279 A, 5′-GACTTTACCCCAGTGTGCA-3′; \# 72279 B, 5′-TGCACACTGGGGTAAAGTC-3′; \# 72280 A, 5′-CTGAAGCTGTCTATCCTCT-3′; \# 72280 B, 5′-AGAGGATAGACAGCTTCAG-3′; \# 72281 A, 5′-CTTTCAATAGACAGTGTTGA-3′; \# 72281 B, 5′-TCAACACTGTCTATTGAAAG-3′; siRNA random (QIAGEN) sense, 5′-UUCUCCGAACGUGUCACGUdTdT-3; antisense, 5′-ACGUGACACGUUCGGAGAAdTdT-3

Survival assay
--------------

Cells were grown for 2 d in growth medium including the siRNA, and treated for 7 h with 500 or 750 μM hydrogen peroxide or with 15 or 20 mU/ml glucose oxidase. Cell viability was quantified using the 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay ([@bib21]).

Animals
-------

Mice were housed and fed according to federal guidelines, and all procedures were approved by the local veterinary authorities (Zurich, Switzerland).

Wounding and preparation of wound tissues
-----------------------------------------

Mice were anaesthetized by intraperitoneal injection of ketamine/xylazine. Two 5-mm full-thickness excisional wounds were made on either side of the dorsal midline ([@bib49]). Complete wounds including 2 mm of the epithelial margins were excised and frozen in liquid nitrogen. Alternatively, wounds were fixed overnight in 95% ethanol/1% acetic acid or in 4% paraformaldehyde (PFA)/PBS, followed by paraffin embedding, or directly embedded in tissue-freezing medium. Sections (6 μm) from the middle of the wound were stained with hematoxylin/eosin (H/E), by the Masson trichrome procedure or with the Masson-Goldner staining kit (Merck), or used for immunofluorescence/immunohistochemistry. Only littermates or at least age-matched animals of the same sex were used for direct histological comparison.

UV irradiation of mice
----------------------

Mice were anaesthetized, shaved, and irradiated with 60 J/cm^2^ UVA or with 100 mJ/cm^2^ UVB as described by [@bib21]. 24 h later they were killed and the tissue was fixed in 4% PFA. To identify apoptotic "sunburn" cells PFA-fixed paraffin sections were stained with H/E. Alternatively, frozen sections were analyzed by immunofluorescence with an antibody against cleaved caspase-3 (see below). The number of apoptotic keratinocytes per mm of basement membrane was determined by two (UVB) or three (UVA) independent investigators. For this purpose cells were counted in 10--15 independent microscopic fields per mouse or along the entire epidermis present on the section.

Generation of bone marrow chimeras
----------------------------------

Female mice (9--11-wk old) were irradiated (950 radγ) and subsequently 5--7 × 10^6^ bone marrow cells that were flushed from tibiae and femurs of wild-type and knockout male donor mice were intravenously injected. Wild-type and knockout mice received bone marrow from either wild-type or knockout male mice. After transplantation mice were maintained in a laminar flow environment. They received sterilized food and water, which was supplemented with antibiotics (Borgal, 0.1%) for 2 wk. 6 wk after transplantation genomic DNA from blood cells was tested by semi-quantitative PCR for the presence of the Y chromosome ([@bib22]) and by Real-time PCR using SYBR green (Applied Biosystems) and primers described elsewhere ([@bib44]). Assays were performed twice in duplicate and evaluated by the Δct-method as described by the manufacturer (Applied Biosystems). 10 wk after transplantation the wound healing experiment was performed. After sacrifice, bone marrow was taken, and the presence of the Y chromosome in DNA of bone marrow cells was verified by semi-quantitative DNA.

Electron microscopy
-------------------

Mice were lethally anesthetized with pentobarbital (700 mg/kg) and perfused with 4% PFA in PBS. Wounds were kept overnight in fixation solution, rinsed, and stored in PBS. Before embedding, the wound samples were treated with 2% OsO~4~ for 2 h. After washing, they were stained in 1% uranyl acetate, dehydrated through series of graded ethanols and embedded in araldite resin. Semi-thin sections (500 nm) were cut with a glass knife and stained with methylene blue. Ultra-thin sections (30--60 nm) were processed with a diamond knife and placed on copper grids. Transmission electron microscopy was performed using a 902A electron microscope (Carl Zeiss, Inc.).

RNA isolation and RNase protection assay
----------------------------------------

RNA isolation and RNase protection assay were performed as described^,^ ([@bib11]; [@bib48]). All protection assays were performed at least in duplicate with different sets of RNAs from independent experiments. A murine *prdx2* cDNA fragment (nt 310--555; Accession no. 12805152) and a murine *prdx4* cDNA fragment (nt 257--576; Accession no. 7948998) were used as templates. Other templates were described previously ([@bib15]; [@bib24]; [@bib5]; [@bib18]; [@bib21]).

Western blot and oxyblot analyses
---------------------------------

Preparation of protein lysates and Western blot analysis were previously described ([@bib21]). A mouse monoclonal antibody against β-actin (Sigma-Aldrich) and a rabbit polyclonal antibody against Prdx6 ([@bib21]) were used. Oxidized proteins were detected using the OxyBlot assay kit (Chemicon) according to the manufacturer\'s instructions.

Immunofluorescence and immunohistochemistry
-------------------------------------------

Sections were incubated overnight at 4°C with the primary antibodies diluted in PBS containing 3% BSA or 12% BSA and 0.025% NP-40. After three washes with PBS/0.1% Tween 20, they were incubated for 1 h with the Cy2- or Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.), washed again and mounted with Mowiol (Hoechst). For immunohistochemistry biotinylated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.) were used, followed by counterstaining with hematoxylin. We used a mouse monoclonal antibody against α-SMA coupled to FITC (Sigma-Aldrich), rat monoclonal antibodies against MECA-32 or PECAM-1 (CD31) (both from BD PharMingen), a goat polyclonal antibody against pan-keratin (AbCam), and rabbit polyclonal antibodies against cleaved caspase-3 (Cell Signaling), fibrinogen/fibrin (DAKO), or nitrotyrosine (BIOMOL). For p53 immunohistochemistry PFA-fixed paraffin sections in combination with a polyclonal antibody against p53 (Novocastra) were used.

Light microscopy
----------------

Tissue sections were examined at room temperature by light microscopy using an Axioskop2 photomicroscope (Carl Zeiss, Inc.) and 10×/0.30, 20×/0.50, or 40×/1.30 Plan-Neofluar objectives (all from Carl Zeiss, Inc.). Images were acquired with an AxioCam HRc camera and AxioVision 4.1 software package set (Carl Zeiss, Inc.) and grouped with Adobe Photoshop or Illustrator (Adobe Systems).

Online supplemental material
----------------------------

The following information is available online as supplemental information: Fig. S1 shows a quantitative analysis of the wound healing process in Prdx6-deficient mice and wild-type controls, including the area of hyperproliferative wound epidermis, wound size, wound closure, and cell proliferation in the wound epidermis. Fig. S2 shows electron micrographs of wound vessels in Prdx6-deficient mice and control littermates at d 8 after injury. Fig. S3 demonstrates the successful generation of bone marrow chimeric mice as demonstrated by semi-quantitative and quantitative PCR for the Y-chromosome using DNA from blood and bone marrow cells. Fig. S4 shows electron micrographs of 7-d wounds of bone marrow-transplanted mice. Fig. S5 shows H/E stained sections from lung and skin of E13.5 Prdx6 embryos and wild-type littermates. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200706090/DC1>.
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